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(4) Scientific Progress and Accomplishments (description should
include significant theoretical or experimental advances)

Overview

We report progress in creating nanoscale transistors at the LaAlO3/SrTiO; interface using a
rewritable conductive AFM technique. We have created LaAlO;/SrTiOs-based nano-transistors
(SketchFETs) that operate at GHz frequencies. We have also demonstrated nanoscale
phototransistors that are spectrally sensitive to visible and near-infrared light. We have also
investigated the creation of “designer potential barriers” that allow the creation of nanoscale
diodes. Finally, we have tested a physical model of the AFM writing mechanism, which shows
that water vapor is an essential component to make these structures - an important step in
developing devices in this material. For the remaining period we will further investigate the high
frequency properties and SketchFETs, with a goal of quantifying power dissipation per drive
cycle in these devices. We will also continue to develop single-electron transistor devices.

Viip (x(®), y(t)

Figure 1 Illustration of nanowire writing at the LaAlO3/SrTiO; interface. Buried Au electrodes (shown in yellow)
are directly contacted to the LaAlO;/SrTiO; interface. The AFM tip with an applied voltage is scanned once
between the two electrodes with a voltage applied V;;,(x(¢),(¢)). Positive voltages locally switch the interface to a
conducting state, while negative voltages locally restore the insulating state. Here, a conducting nanowire (shown in
green) is being written. The conductance between the two electrodes is monitored by applying a small voltage bias
on one of the two gold electrodes (V) and reading the current at the second electrode (Ip).

Background

Epitaxial growth of LaAlO; on SrTiO; can lead to an unusual and energetically unstable charge
distribution. One predicted consequence of the polar discontinuity between LaAlOs; and SrTiOs
is an interfacial insulator-to-metal transition that is dependent on the LaAlO; thickness. This
effect occurs in structures of LaAlO; grown on TiO,-terminated SrTiOs. When LaAlO; is grown
with greater than a critical thickness d. = 3 unit cell (uc), the interface between LaAlO; and
SrTi0; is found to be conducting. When the thickness of LaAlOs is smaller than d. the interface
remains insulating. In samples grown with approximately 3 uc of LaAlOs (normally insulating),
the interface can be switched between the insulating and conducting states by applying a voltage
to the back of the SrTiO; substrate or to the top of the LaAlO:s.



A powerful method for creating nanoscale devices at the LaAlO3/SrTiO; interface involves
metastable charging of the top LaAlOs surface with a conducting AFM probe (Figure 1). By
locally and reversibly controlling a metal-insulator transition, the creation of both isolated and
continuous conducting features has been demonstrated with length scales smaller than 2 nm.
These structures can be erased and rewritten numerous times. As a result of the enormous

flexibility in controlling electronic properties at near-atomic dimensions, a variety of nanoscale
devices can be realized.

10



GHz switching of SketchFETs
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Figure 2 GHz SketchFET.(a) I-V curve of device at Vgp=+5 V and -10 V. (b) Diagram of heterodyne detection
experiment. (¢) Drain current measured at the difference frequency w as a function of RF frequency Q. Vop=+1V
and Pgr = 0 dBm. (d) Frequency response showing cutoff frequency wr at approximately 4.6 GHz.

One gauge of the performance of a transistor is its ability to modulate or amplify signals at high
frequencies, as quantified by the cutoff frequency wy. Characterization of the frequency
dependence of the SketchFET is done using a heterodyne circuit that incorporates the SketchFET
as a frequency mixer. The experimental arrangement is shown schematically (b). In addition to a
DC bias that can tune the background conductance, the source electrode (ie, RF port) and gate
electrode (LO port) are driven with continuous-wave RF signals of power Pgr at frequencies Q
and Q - w, respectively. The current at the drain electrode (IF port) is measured on a lock-in
amplifier at the difference frequency w. Because this is a background-free measurement, only in
the case where the SketchFET operates as a frequency mixer will there be a signal of frequency
o at the drain electrode.

In prior work to characterize the frequency response of a SketchFET, w7 was found to be on the
order of 15 MHz and the limiting factor was mainly attributed to the resistance in the leads (Rs =
1 MQ). By widening the leads from 12 to 100 nm we have decreased the lead resistance to 500
kQ. Performing the heterodyne measurement described above demonstrates operation of a
SketchFET at GHz frequencies ( (c)). By extrapolating a 1/Q* dependence, we estimate a cutoff
frequency of 4.6 GHz.
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Nanoscale phototransistors
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Figure 3 (a) Diagram of photocurrent measurement. (b) Scanning photocurrent microscopy (SPCM) image of two-
terminal device shown in inset. / ~ 30 kW/cm? (NA=0.73), Vsp=10.1 V, T=300 K. (c) Photocurrent vs. VSD of the
three-terminal device shown in the inset. I ~20 W/cm2 (NA = 0.13), T'= 80K. (d) Intensity map of photocurrent of
three-terminal device as a function of Vgp and Vp.

In addition to the transistors described above, one can also use AFM patterning of the
LaAlO3/SrTiOs interface to create rewritable, nanoscale phototransistors. Nanophotonic devices
seek to generate, guide, and/or detect light using structures whose nanoscale dimensions are
closely tied to their functionality. Although semiconducting nanowires, grown with tailored
optoelectronic properties, have been successfully placed into devices for a variety of
applications, the integration of photonic nanostructures with electronic circuitry remains one of
the most challenging aspects of device development. The rewritable nanoscale phototransistors
described here exhibit a remarkably high gain for their size and possess an electric field-tunable
spectral response spanning the visible-to-near-infrared regime.

Optical properties of nanostructures are characterized by fixed position photocurrent
measurements and spatially mapped using scanning photocurrent microscopy (SPCM) (Figure 3
(a)). The intensity of a laser source is modulated by an optical chopper at frequency fz; the
resulting photocurrent ip¢ is collected from a drain electrode and measured with a lock-in
amplifier at fz. When the light overlaps with the device a sharp increase in the photocurrent is
observed.

The simplest nanophotonic device consists of a nanowire with a narrow gap or junction, which
can be deterministically placed with nanometer-scale accuracy. An SPCM image shows
spatially-localized photocurrent detected only in the region of the junction (Figure 3 (b). The
devices are erasable and reconfigurable and furthermore are not damaged by illuminating with

12



kW/cm® intensity: following optical characterization, devices may be erased and rewritten. The
photosensitivity can be optically modulated at frequencies as high as 3.5 kHz and the response
appears limited by the RC time constant of the device.

The functionality of these devices can be extended by adding an independent gate electrode
using the same geometry as the previously discussed SketchFET. This bias V¢p can be used to
modify the source-drain conductance, enabling conduction between source and drain for positive
Vep and inhibiting it for negative Vgp (Figure 3 (c)). Photocurrent measured as a function of Vsp
and Vgp (Figure 3 (d)), exhibits a polarity that is always the same sign as the Vp, irrespective of
Ve, indicating that there is negligible leakage current from the gate to the drain. Furthermore,
the photocurrent is suppressed when both Vp is positive and Vgp is negative, demonstrating the
ability of the gate electrode to tune the photoconductivity in the source-drain channel.
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Figure 4 Gate-controlled spectral response of phototransistor. Fixed-position photocurrent as a function of A and Vgp
for (a) Vsp=+3 V and (b) Vsp=-3 V. (a) and (b): N4 = 0.28, T =300 K. (c) Responsivity of photodetector from 532
nm to 1340 nm. Lines are guides to the eye. Vsp =42V, Vgp=0V, NA=0.13, T=80 K.

To investigate the wavelength dependence of these devices, we use a variety of fixed-wavelength
lasers (532 nm, 633 nm, 735 nm, 1260 nm, and 1340 nm) and also a supercontinum white light
source (600 - 1000 nm) derived from Ti:Sapphire laser. The spectral response (Figure 4) is
sensitive to Vsp and Vgp. At positive Vsp the phototransistor response red-shifts as the gate bias
is increased. A similar Stark shift is observed when sweeping the source bias. This evidence of a
Stark effect, along with finite element analysis showing that the electric field is predominantly
confined to the gap region, indicates that the photo-induced absorption is highly localized.
Remarkably, the photosensitivity extends to 1340 nm, the longest wavelength investigated.
Analysis of noise equivalent target (NET) shows a minimum NET of 11 mW/em*/VHz (T=80K
and 4 =735 nm).
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The rewritable phototransistors presented here bring new functionality to oxide nanoelectronics.
For example, existing nanowire-based molecular sensors rely on the ability to bring the analyze
into contact with the sensing area of the detector. Here the roles are reversed: a nanoscale
phototransistor can be placed in intimate contact with an existing molecule or biological agent. It
may be possible to take advantage of the significant Stark-shifted photoresponse to improve the
spatial sensitivity well beyond the diffraction limit. The ability to integrate optical and electrical
components such as nanowires and transistors may lead to devices that combine in a single
platform sub-wavelength optical detection with higher-level electronics-based information
processing.
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Designer Potential Barriers
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Figure 5 Creation of designer potential barriers. (a) I-V plots for a nanowire cut at the same location multiple times
with an AFM tip bias Vi, = -2 mV. The green curve indicates the /-V curve before the first cut. Intermediate /-7
curves are shown after every alternate cut. As the wire is cut, the potential barrier increases (inset) and the zero-bias
conductance decreases; however, the overall /- curve remains highly reciprocal. (b) /-V plots for a nanowire
subject to a sequence of cuts N,,(x) at nine locations spaced 5 nm apart along the nanowire. The green curve
indicates /-V curve before the first cut. The asymmetry in N ,(X) results in a non-reciprocal /-} curve.
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The high degree of control over the energy landscape within the LaAlO3/SrTiO3; 2DEG allows
for the development of a variety of nonlinear devices such as nanoscale junctions. The shape of
the barrier can determine whether the transport is reciprocal (/(V) = -I(-})) or rectifying.

The controlled creation of rectifying structures is further described below. Non-reciprocal
nanostructures can be created using a slightly different c-AFM manipulation. In this approach,
spatial variations in the conduction-band profile are created by a precise sequence of erasure
steps. In a first experiment, a conducting nanowire is created using V;;, =+10 V. The initial -V’
curve (Figure 5 (a), green curve) is highly linear and reciprocal. This nanowire is then cut by
scanning the AFM tip across the nanowire at a speed v, = 100 nm/s using V;;, =-2 mV at a fixed
location (x = 20 nm) along the length of the nanowire. This erasure process increases the
conduction-band minimum £.(x) locally by an amount that scales monotonically with the
number of passes N, (Figure 5 (a), inset); the resulting nanostructure exhibits a crossover from
conducting to activated to tunneling behavior. Here we focus on the symmetry of the full /-
curve. As N, increases, the transport becomes increasingly nonlinear; however, the I-V curve
remains highly reciprocal. The canvas is subsequently erased and a uniform conducting nanowire
is written in a similar fashion as before (V;, = +10 V, v, = 400 nm/s). A similar erasure sequence
is performed; however, instead of cutting the nanowire at a single x coordinate, a sequence of
cuts is performed at nine adjacent x coordinates along the nanowire (separated by D, = 5 nm).
The number of cuts at each location along the nanowire N,(x) increases monotonically with x,
resulting in a conduction band profile £.(x) that is asymmetric by design (Figure 5 (b), inset).
The resulting /- curve for the nanostructure evolves from being highly linear and reciprocal
before writing (Figure 5 (b), (green curve)) to highly nonlinear and non-reciprocal (Figure 5 (b),
red curve).
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Nanoscale control over asymmetric potential profiles at the interface between LaAlO; and
SrTiO; can have many potential applications in nanoelectronics and spintronics. Working as
straightforward diodes, these junctions can be used to create half-wave and full-wave rectifiers
for AC-DC conversion or for RF detection and conversion to DC. By cascading two or more
such junctions, with a third gate for tuning the density in the intermediate regime could form the
basis for low-leakage transistor devices. The ability of controlling the potential along a nanowire
could also be used to create wires with built-in polarizations similar to those created in
heterostructures that lack inversion symmetry.

16



Mechanism for writing and erasing nanostructures at the LaAlO3/SrTiO3
interface

Figure 6 Writing and erasing nanowires at 3 uc LaAlO;/SrTiO; interface. (a) Side view schematic illustrating a
conducting AFM probe writing a nanowire in a controlled environment. (b) Top view schematic of a writing
experiment in which a nanowire is created with a positive biased tip. (c) Top view schematic of a cutting experiment
in which a nanowire is locally erased with a negatively biased tip.

A physical understanding of the writing and erasing mechanism is not only important for
fundamental reasons but also for the development of future technologies that are based on the
stability of these nanostructures. Conducting islands with densities >150 Tb/in> have been
demonstrated and transistors with channel lengths of 2 nm have been reported. An
understanding of the physical original of these astonishing results can help in the development of
conditions that can stabilize these structures over time scales that are relevant for information
storage and processing applications (i.e., ~10 years).

One proposed mechanism for the writing process involves the adsorption of H,O dissociating
into OH and H" on the LaAlOj; surface. A conducting AFM tip provides a means to locally
modify the population of charged OH and H" adsorbates. This form of modulation doping
locally switches the LaAlOs/SrTiOs interface between the insulating and conducting states.
During the writing process a positively-charged AFM probe removes OH™ adsorbates, thus
locally charging the top surface with the H™ ions that remain which therefore creates a
conducting interface. During the erasing process, a negatively-charged AFM probe removes H"
adsorbates, restoring the interface to an insulating state. We refer to this process as a “water
cycle” because it permits multiple writing and erasing without physical modification of the oxide
heterostructure.

We have investigated the writing and erasing process under a variety of atmospheric conditions
in order to constrain the physical models of the writing and erasing procedure. To perform these
experiments, we use a vacuum AFM (Figure 6 (a)). It is capable of operation down to 10~ Torr
and allows for the controlled introduction of various gases. Writing and erasing experiments
(Figure 6 (b,c)) are performed in different atmospheres while the stability of nanostructures is
monitored in real time as the ambient gaseous environment is modified. Prior to the writing, the
LaAlOs surface is alternatively raster-scanned with V;;, =+10 V to remove any adsorbates on the
LaAlOj; surface and thus “initialize” the surface.
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Figure 7 Nanowire writing under various atmospheric conditions. Writing a nanowire in (a) air, (b) helium, or (c)
nitrogen environments does not result in a conducting nanowire. (d) Writing in different relative humidity (RH)
level of air at 1atm. (e) Influence of RH on writing ability. All experiment are performed at 7= 295 K.

A straightforward test of the “water cycle” mechanism outlined above replaces atmospheric
conditions with gas environments that lack H,O. Figure 7 (a-c) shows the results of a number of
writing experiments performed using dry air (Figure 7 (a)), helium (Figure 7 (b)), and nitrogen
(Figure 7 (c)) with pressures ranging from 107 - 10* Torr. Nanowires were not formed under any
of these conditions. Similarly, nanowires were not formed under vacuum conditions. Next,
writing experiments are performed under various conditions of relative humidity (RH). The
results shown in Figure 7 (d) establish that water must be present for conducting nanostructure
writing.
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(5)

“Copies of technical reports,” which have not been previously
submitted to the ARO, should be submitted concurrently with
the Interim Progress Report. (See page 6 “Technical Reports”
section for instructions.) However, do not delay submission
while awaiting Reprints of publications.
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